Introduction
ZnO is one of the most promising semiconductor materials for ultraviolet optoelectronic application due to its wide band gap of 3.4 eV and large exciton binding energy of 60 meV. [1] [2] [3] Divalent metal oxides such as MgO and CdO are often used to alloy with ZnO as a common strategy for band-gap engineering and optical confinement. [4] [5] [6] Zn 1Àx -Mg x O and Zn 1Àx Cd x O alloys are well known that the addition of CdO in ZnO decreases the band gap whereas that of MgO increases the band gap. Although both MgO and CdO occur in the cubic rocksalt structure under ordinarily conditions, Zn 1Àx Mg x O and Zn 1Àx Cd x O alloys are accepted to form the wurtzite structure when x is small. [4] [5] [6] [7] Under meta-stable thin film growth conditions, the maximum concentration of Mg in wurtzite Zn 1Àx Mg x O is typically in the range of x ¼ 0:4 to 0.6. [8] [9] [10] On the other hand it is only about 0.1 5, 11) for Cd in wurtzite Zn 1Àx Cd x O thin film, except for a few cases reporting success of higher solute concentrations under special process conditions. 12) There have been a number of theoretical studies on the electronic structures and properties of ZnO, MgO and CdO [13] [14] [15] [16] [17] [18] and their pseudo-binary oxide-alloys. [19] [20] [21] [22] [23] [24] Very recently Fan and coworkers 24) reported systematic first principles calculations of A x Zn 1Àx O alloys (A ¼ Ca, Cd, Mg) with rocksalt and wurtzite structures. They examined all different alloy structures within a given supercell in order to know the dependence of the energetics, geometry and bandgap on the alloy structures and compositions. However, they did not explicitly investigate the conduction band structure of these alloys, which should play important roles in optoelectronic applications.
In this work, after confirmation of the dependence on the alloy structure of energetics and electronic structures in solid solutions of Zn 1Àx Cd x O and Zn 1Àx Mg x O (0 x 1) with wurtzite structures, we examine the conduction band structures using first principles calculations.
Computational Methods
The calculations were made using the plane-wave basis projector augmented wave (PAW) method 25) as implemented in the VASP code. [26] [27] [28] Generalized gradient approximation (GGA) as parameterized by Perdew and Wang (PW91) was used.
29) The plane-wave energy cutoff was chosen to be 500 eV. The Brillouin-zone (BZ) integrations in the electron density and the total energy were made using a set of 4 Â 4 Â 4 k-points of Monkhorst-Pack type 30) for 16-atom Zn 1Àx Cd x O and Zn 1Àx Mg x O supercells. The cell volume and all the ionic positions were relaxed until the residual forces became less than 0.001 eV/nm. Figure 1 shows the structure of the 16-atom supercell used in the present study, which corresponds to 2 Â 2 Â 1 of the conventional wurtzite cell. The numbered atoms are Zn, Cd, or Mg, and the dark atoms are O. All different alloy models within the 16-atom supercell are shown in Table 1 . All of them were employed for the first principles calculations.
Results and Discussion
Lattice parameters for wurtzite ZnO by the present calculation were a ¼ 0:328 nm, c ¼ 0:529 nm and u ¼ 0:380. They are in reasonable agreements with those by experiments, 31) i.e., a ¼ 0:324 nm, c ¼ 0:519 nm and u ¼ 0:382. Lattice parameters of wurtzite CdO were obtained to be a ¼ 0:368 nm, c ¼ 0:581 nm and u ¼ 0:384. They were a ¼ 0:331 nm, c ¼ 0:51 nm and u ¼ 0:387 for wurtzite MgO. Figure 2 shows the lattice constants of Zn 1Àx Cd x O and Zn 1Àx Mg x O alloys for all different alloy structures and compositions. The alloy structures corresponding to the lowest total energies for a given composition are highlighted by solid marks. The solid marks in Zn 1Àx Cd x O alloys clearly show that both a and c lattice constants have nearly linear relationship with the Cd concentration. In other words, they follow the Vegard's law, which is in good agreement with the experiment results. 12) On the other hand in Zn 1Àx Mg x O, the lattice parameters do not show such linear trends. (Note that the scale of the vertical axis is expanded for Zn 1Àx Mg x O.) The overall trend of the present results is similar to those in Ref. 24) , although some differences can be seen between them. This may be partly ascribed to the use of different exchange-correlation functionals for the calculations and some other computational details. The local density approximation (LDA) is used in Ref. 24 ), whereas GGA is employed in the present study.
In order to study the stability of Zn 1Àx Cd x O and Zn 1Àx Mg x O alloys, the formation energies of all alloy configurations were computed. The results are shown in 10, 12) In order to quantify the electronic structures at the bottom of the conduction band, the fractions of cationic s-orbitals are examined. The fractions of Cd5s and Mg3s increase and that of Zn4s decreases nearly linearly with the increase of the M-concentration as shown in Fig. 5 . The bottom of the conduction band gradually changes from Zn4s to Cd5s/Mg3s characters with the M concentration. The increment is larger in Cd doping as compared to the Mg doping. The changes in the conduction band structure can be well visualized by plotting the wave function at the bottom of the conduction band (À-point). Figure 6 compares the squared wave functions for ZnO, Zn 7=8 Mg 1=8 O and Zn 7=8 Cd 1=8 O. As for Zn 7=8 M 1=8 O (M ¼ Cd, Mg), the alloy structure is determined uniquely within the 16-atoms supercell as can be learned from Table 1 . The wave functions are plotted on the (0001) plane on which cations number 5 to 8 are periodically located (see Fig. 1 ). In Zn 7=8 Cd 1=8 O, Cd shows a contribution as large as that of Zn at the bottom of the conduction band. On the other hand, the contribution of Mg is much smaller in Zn 7=8 Mg 1=8 O. This is related to the change in the band gap due to the presence of the solute.
Conclusion
Solid solutions of wurtzite ZnO with MgO and CdO are systematically investigated by first principles calculations. Results can be summarized as follows: 
